The mammalian cell cycle is tightly regulated to ensure that daughter cells receive the correct genetic material after cell division. During S phase, cells create a copy of their genome to prepare for mitosis. In addition to replicating their DNA, cells also duplicate their centrosome, an organelle that serves as an organizing center for the microtubule cytoskeleton. The purpose of centrosome duplication is two-fold: it provides each daughter cell a centrosome for proper cytoskeletal organization, and each centrosome serves as a de facto 'pole' for the mitotic spindle, which is required to distribute chromosomes equally between two cells during mitosis. Duplicated centrosomes remain tethered together until the G2/M transition [1] . As cells enter mitosis, centrosomes migrate to opposite sides of the nuclear envelope, promoting spindle bipolarity. Although a number of molecules responsible for centrosome tethering have been identified [2] [3] [4] , the reason for this tethering and its benefits for the cell are unclear. However, delays in centrosome separation cause mistakes in chromosome segregation [5] [6] [7] [8] . Moreover, centrosome separation (i.e., dissociation of tethering machinery) is promoted by a signaling cascade that is initiated by epidermal growth factor (EGF), suggesting that the timing of centrosome separation is highly regulated by signaling [9] . Importantly, centrosome tethering also depends on a second, microtubule-dependent pathway that has not yet been characterized [1] . A new study by Decarreau et al., published recently in Nature Cell Biology, [10] shows that Kif25, a microtubule minus-end directed tetrameric motor in the kinesin-14 family, is the protein factor that mediates microtubule-dependent centrosome cohesion (Figure 1 ).
How does Kif25 tether centrosomes, and how does this fit into our current understanding? Although the nature of crosstalk between the two centrosometethering pathways (EGF-dependent signaling and Kif25-dependent force generation) is unclear, both appear essential for proper centrosome separation timing. Decarreau et al. propose that Kif25 generates an inward force by crosslinking microtubules that span the space between centrosomes. This activity likely synergizes with the established cohesion factors C-Nap1 and Rootletin that function downstream of signaling pathways ( Figure 1A ). Like kinesin-5/Eg5, Kif25 is a tetrameric motor ( Figure 1B) , making it the first bipolar minus enddirected motor to be described. Decarreau et al. also show that premature centrosome separation (regardless of which pathway is perturbed) leads to aberrant nuclear positioning and incorrect spindle orientation at the onset of mitosis, which may account for the chromosome segregation errors observed previously [5] [6] [7] [8] .
The authors begin their study by examining the in vitro properties of purified, EGFP-tagged Kif25. Using single-particle electron microscopy and hydrodynamic analyses, the authors show that Kif25 is a homotetramer in solution, with two motor heads located at opposite ends of the molecule. This contrasts other kinesin-14 motors (e.g., Ncd, HSET, KIFC1), which are dimers [11, 12] . Consistent with this organization, Kif25 is able to bundle microtubules, although whether it can slide microtubules apart -like Eg5 -remains to be seen. Next, the authors show that Kif25 moves toward the minus-ends of growing microtubules with 1 mm run lengths. This contrasts with other kinesin-14 motors, which tend to diffuse bidirectionally as single molecules [11, 13, 14] .
In cells, the authors used a combination of live-cell and expansion microscopy to show that Kif25 localizes to centrosomes during interphase and tracks strongly with the two spindle poles during mitosis. The authors observed Kif25 in a ring around the outer edge of centrosomes and used structured illumination microscopy to confirm the presence of microtubules spanning the space between tethered centrosomes. This characterization suggests that Kif25 may use its tetrameric structure to crosslink inter-centrosomal microtubules, thus generating an inward sliding force using its minusend directed motion (Figure 1 ). This inward force would presumably serve as a tether between two centrosomes and would explain the microtubule-dependent nature of this tethering.
The authors next used a series of perturbations to demonstrate that Kif25 promotes centrosome tethering. A fixedcell analysis showed that centrosome separation depends on Kif25, as Kif25 knockdown resulted in longer steadystate distances between centrosomes. Kif25 overexpression, on the other hand, led to shorter centrosome-centrosome distances. The authors then used monastrol, an inhibitor of the plus-enddirected motor Eg5 [15] , to study the separation of centrosomes during mitosis in live cells. Centrosome separation depends on the outward force generated by Eg5 [15] [16] [17] ; it is thus natural to speculate that an inward force generated by Kif25 would counteract this force and prevent centrosome separation. Indeed, after Eg5 was activated by removing monastrol, centrosome separation took twice as long in Kif25-overexpressing cells.
Because C-Nap1 and Rootletin should be absent from centrosomes in this experiment, a Kif25 overexpressionmediated delay in centrosome separation suggests that the motor can operate autonomously. Conversely, in Kif25 siRNA-treated cells, the authors observed untethered centrosomes beginning at S phase that wandered erratically prior to nuclear envelope breakdown.
In further support of the hypothesis that Kif25-driven inward forces balance Eg5-driven outward forces, the authors observed shorter metaphase spindles upon Kif25 overexpression. While this is consistent with the idea that Kif25-and Eg5-derived forces are balanced, this observation is surprising for two reasons: firstly, Kif25 localizes to the extreme poles of the metaphase spindle, rather than in the midzone where microtubule overlaps are expected to be most abundant (i.e., the substrate for outward force generation by Eg5), and secondly, overexpression of HSET/KIFC1, another kinesin-14 motor, actually leads to longer spindles at metaphase [18] . The authors also observe that Kif25 overexpression causes a metaphase delay through a reduction in inter-kinetochore distance and activation of the spindle assembly checkpoint. The authors thus speculate that force balance in Kif25-overexpressing cells is perturbed -future studies to test this will yield important insight into the systems-level relationships between spindle motors.
Finally, the authors sought to tackle a key question: does premature centrosome separation lead to mitotic defects? And if so, how? The authors observed that Kif25 knockdown induced excess nuclear movement prior to mitosis, and thus speculated that nuclear movement was negatively correlated with centrosome tethering. Because nuclei in Kif25-depleted cells tended to be more off-center than normal, spindles were assembled in closer proximity to the cell cortex in these cells. In Kif25-depleted cells, the authors observed an overactive response of the LGN-NuMA-dyneindependent force generation system, which is hyperactivated when spindleassociated chromosomes approach the cell cortex [19] . Finally, the authors observed a significant number of fixed Kif25-depleted cells with highly 'angled' (A) An established pathway for centrosome tethering. Centrosome separation is activated by epidermal growth factor (EGF) [9] , which activates signaling cascades culminating in the phosphorylation and dissociation of the centrosomal linker proteins C-Nap1 and Rootletin. Figure adapted from Bahe et al. [4] . (B) A second, microtubule-dependent centrosome tethering pathway relies on inward forces generated by Kif25, as described by Decarreau et al. [10] . The microtubule minusend activity of Kif25 appears to balance the outward forces generated by the plus-end directed motor kinesin-5/Eg5.
R602 Current Biology 27, R592-R612, June 19, 2017 Current Biology Dispatches spindles relative to the growth substrate. Taking these results together, the authors speculate that premature centrosome separation promotes excess nuclear movement, which eventually activates cortical forcegenerating machinery to generate misoriented spindles. Although most of the evidence here is based on correlation, the proposed model provides a plausible mechanistic explanation for the mitotic defects associated with untethered centrosomes.
The work by Decarreau et al. represents a number of 'firsts' for the fields of molecular motors and cell division. Kif25 is the first identified tetrameric kinesin-14. Most kinesin-14 motors exist as dimers and bundle microtubules through additional non-motor microtubulebinding domains [11, 13] ; whether Kif25 contains similar domains remains to be determined. Based on the relatively short primary sequence of Kif25 (500 amino acids), tetramerization may be essential for microtubule bundling, as the motor domain alone comprises 340 amino acids. Kif25 also appears to be the first kinesin-14 motor that is processive as a single motor (i.e., takes many consecutive steps totaling >1 mm on a microtubule before unbinding) [11, 13, 14] . How Kif25's processivity is imparted and whether its motility properties are enhanced by the formation of multiple-motor complexes (as is the case for Ncd and plant kinesin-14) [14, 20] will be a key question going forward.
Perhaps most importantly, this study is the first to show that premature centrosome separation influences spindle orientation during mitosis. Kif25 depletion results in misoriented spindles that are proposed to be a downstream result of eccentric nuclear positioning. The authors confirm that this is a result of premature centrosome separation (and not some off-target Kif25 effect) by adding EGF, which induces centrosome separation by deactivating 'canonical' centrosome tethering downstream of Cdk1. This raises an interesting question: are the Cdk1-dependent canonical tethering mechanism and the newly-elucidated Kif25-dependent mechanism one and the same? If so, how is Kif25 activity regulated and coordinated with Rootletin and C-Nap1 phosphorylation, which drive canonical centrosome tethering? If not, why are two mechanisms in place and is one dominant over the other? These questions will be essential to answer as we continue studying how centrosome biology and mitotic defects contribute to human disease. Regardless, this study's characterization of Kif25 will provide an important mechanistic blueprint for centrosome tethering moving forward.
